Introduction
Polycyclic aromatic hydrocarbons (PAHs) are widespread environmental pollutants, and have been receiving considerable attention due to their carcinogenic, teratogenic and mutagenic actions. [1] [2] [3] [4] [5] [6] Naphthalene is the most volatile PAH, and is released by all sorts of industrial, domestic and natural burning processes. In recent years, naphthalene was reclassified as a possible human carcinogen by several national and international agencies. [7] [8] [9] In addition, the external naphthalene exposure of the general population in the environment is reported to be high comparied with other PAHs. 9 Thus, the exposure assessment of naphthalene has gained increasing importance in environmental and occupational health. Naphthalene is metabolized to more than 30 different metabolites. 8 Among them, hydroxy-naphthalenes metabolites, such as 1-naphthol (1-NAP) and 2-naphthol (2-NAP), are conjugated with glucuronic acid or sulfate, and excreted preferentially in urine. 1-NAP and 2-NAP levels in urine were also found to be suitable for human biomonitoring of the naphthalene exposure in environmental medicine. Therefore, they have been used as urinary biomarkers of general and occupational exposure to naphthalene. 8, 9 Over the past 10 years several analytical methods for the determination of either 1-NAP or 2-NAP or even both have been reported mainly based on high-performance liquid chromatography (HPLC), 10 or gas/liquid chromatography-mass spectrometry (GC/LC-MS). [11] [12] [13] Although these methods are sensitive, selective and efficient for the separation of isomeric metabolites, most of them require time-consuming procedures by liquid-liquid or solid-phase extraction and derivatization steps, as well as expensive instruments. Synchronous fluorescence spectrometry (SFS) has been known as a powerful tool for the simultaneous determination of multicomponent samples without any pretreatment of samples. 14, 15 Constant-wavelength synchronous fluorescence for the simultaneous determination of urinary 1-OHP, 2-NAP and 9-OHPe has been reported. 14 Although SFS methods are sensitive, selective, and have better resolving power in the determination of multicomponent samples, they can not be used to real-time and in situ monitor the PAHs exposure in environmental and occupational health.
Therefore, it is significant to develop a more simple, sensitive, real-time and in situ monitor method for the exposure assessment of naphthalene.
The wireless magnetoelastic sensor technique has attracted research interest in recent years for some advantages, including high sensitivity, low cost, remote query and easy portability. [16] [17] [18] Magnetoelastic materials are made of amorphous ferromagnetic alloys composed of iron, nickel, molybdenum and boron. When exposed to a time-varying AC magnetic field, a magnetoelastic sensor oscillates at a fundamental resonant frequency. The oscillations of the sensor generate a magnetic flux around the sensor, which can then be detected remotely by a pickup coil. The magnetoelastic sensor thus has the unique characteristics of being able to wirelessly detect resonant frequency changes of the magnetoelastic strip based on the physical dimensions of the magnetoelastic strip, the compositions attached on the strip and the environment around the strip. These kind of biosensor have been developed for the determination of physical parameters, A wireless magnetoelastic sensor has been developed for the determination of 2-naphthol (2-NAP) in human urine. This method is based on the precipitation of 2-NAP with diazonium salts produced by the diazo-reaction of sulfamethoxazole (SMZ) with nitrite under a weak alkaline condition, resulting in a descending of the resonance frequency of a wireless magnetoelastic sensor. The frequence shift values (ΔF) of the sensor were directly proportional to the concentration in the range of 1.13 -139 μmol L -1 for 2-NAP with a correlation coefficient of 0.997 and a detection limit of 0.340 μmol L -1 . The relative standard deviations were 2.38, 2.40 and 2.44%, and the average recovery was 107% (n = 6). The proposed method has additional advantages of being less time-consuming, low cost and remote query, and can be applied for realtime and in situ monitoring of 2-NAP in human urine. It would be a benefit to extend the scope of applications of magnetoelastic sensing techniques. such as pressure, humidity, flow rate, 19 liquid viscosity, pH, 20, 21 and for the detection of biological substances including glucose, 22 bacteria, [23] [24] [25] [26] protein, 27 blood coagulation, 28 antigen immunoassay 29 and breast cancer cell. 30 However, no report has been found for the real-time and in situ monitoring of 2-NAP by magnetoelastic sensors.
In this work, a wireless magnetoelastic sensor was developed for the determination of 2-NAP based on the coupled reaction of the diazonium ions, which was produced by the reaction of sulfamethoxazole (SMZ) with NaNO2, with 2-NAP in a weak alkaline solution to form a salmon-pink sediment at the surface of the sensor, resulting in an increase of the sensor mass with a descending of the resonance frequency. The proposed method has additional advantages of being less time-consuming, simple instrument and having high selectivity, and can be used for realtime and in situ monitoring of the exposure of 2-NAP. Our investigation shows that the wireless magnetoelastic sensor could provide a promising potential for the detection of biomacromolecules and small molecules, and be a benefit to extend applications of the biosensor technique.
Experimental

Materials and reagents
2-NAP (purity ≥99%) and SMZ were purchased from AldrichSigma and Hubei Huazhong Pharmaceutical Co., Ltd. , then diluting to 50 mL with water to a concentration of 0.1386 mol L -1 . Its working solutions of different concentrations were prepared by diluting an appropriate amount of a 2-NAP stock solution with water. The working solution of SMZ was prepared by originally dissolving an appropriate amount of SMZ in 2 mL of a NaOH solution of 0.375 mol L -1 , then diluting to 50 mL with water to a final concentration of 3.16 × 10 -2 mol L -1 . NaNO2 was purchased from Shanghai Chemical Reagent Co. (Shanghai, China) and its working solution of 1.45 × 10 -3 mol L -1 was prepared by dissolving an appropriate amount of it in water, then diluting to 100 mL with water. All chemicals used were analytical grade without further purification, and doubly distilled water was used throughout.
A magnetoelastic ribbon of Metglas alloy 2826 MB, with a composition of Fe40Ni38Mo4B18, was purchased from Honeywell Corporation (Morristown, NJ) and used throughout this work. The ribbon was then cut into strips as sensors with dimensions of 9 mm × 3 mm × 28 μm. The resonance frequency of an uncoated sensor in air was approximately 170 kHz. Bayhydrol 110, an anionic dispersion of an aliphatic polyester urethane resin in water/N-methyl-2-pyrrolidone solution (50%, w/v), was purchased from Bayer Corp. (Pittsburgh, PA).
HPLC (DionexP680, USA) equipped with a UV detector was used for comparing the proposed method. Chromatographic separation was performed with a Diamonsil TM C18 column (150 mm × 4.6 mm; particle size, 5 μm) by 20 μL sample injections and MeOH/H2O (66:34, v/v) as a mobile phase at a flow rate of 0.95 mL min -1 . The column oven temperature was set at 30 C and the detection wavelength of the UV detector was set at 280 nm. The absorption spectra were measured by a Shimadzu UV-2450 spectrophotometer (Kyoto, Japan).
Sensor fabrication
The magnetoelastic sensors were ultrasonically cleaned in a Micro-Cleaning solution, followed by water and acetone rinse, respectively, to remove any debris and organic film on the sensor surface, and then dried in a stream of nitrogen. After that, a layer of Bayhydrol 110 was applied by dip coating on both sides of the sensor. Also the polyurethane-coated sensors were dried in air and then heated at 150 C for 2 h to form a robust membrane that protected the iron-rich sensor from corrosion. The resulting sensor was stored at 4 C while not in use.
Pretreatment of urine samples
Urine samples were collected from two cooks and pretreated using an appropriate improvement method of Ou-Yang et al. 31 After mixing completely, a 20-mL aliquot of the urine sample was hydrolyzed by 5 mL of 0.6 g mL -1 sodium hydroxide, and heated for 3.5 h in a boiling water bath away from light. After hydrolyzing, the urine samples were adjusted to pH 2 -3 with concentrated HCl, then filtered by a separatory funnel. The filtrate was extracted twice by 5 mL of n-hexane each time, and the organic phase combined in a test tube was evaporated to near dryness at 30 C under a gentle flow of nitrogen gas. The residue was redissolved in 0.2 mL of ethanol water (v:v = 1:1) and analyzed directly by using the developed method.
General procedures
To a 1-mL test tube, 50 μL SMZ of 3.16 × 10 -2 mol L -1 , 50 μL NaNO2 of 1.45 × 10 -3 mol L -1 , and 50 μL HCl of 0.625 mol L -1 were added in turn. The mixture was then placed in an icewater bath at 0 C to react for 30 min. Subsequently, 50 μL of NaOH of 0.50 mol L -1 was added, and a polyurethane-coated sensor was placed at the bottom of this test tube, which was inserted into a small coil that was connected to a microprocessor-based frequency counting device used for signal telemetry. Since the response was stable, the initial frequency of the magnetoelastic sensor was measured ( f0). Thereafter, 50 μL 2-NAP of different concentrations were added to make them reacting thoroughly. The resonance frequency of the magnetoelastic sensor was detected when it became stable ( f). The frequency shift for analytes was calculated to be as Δf = f0 -f.
Results and Discussion
Principle of detection Precipitation of diazonium salts with 2-NAP. In a dilute hydrochloric acid medium, SMZ reacts with nitrite to produce a diazonium cation at 0 -5 C. 32 This cation is subsequently attached at the ortho position (α-position) relative to the OH group of 2-NAP in a weak basic medium, resulting in the formation of a colored azo compound. As shown in Scheme 1, in either an acidic or neutral medium, the coupled reaction between diazonium ions and 2-NAP could be difficult because of the weak electrophilic ability of diazonium ions, which reacts hardly with the molecule form of 2-NAP. In a weak basic medium, 2-NAP exists as a negative ion, resulting in an increase of the electron density of the aryl ring by the p-π conjugative effect between the oxygen atom with a negative charge and aryl ring, and would be a benefit to promote the electrophilic substitution of diazonium ions at the ortho position (α-position) relative to the OH group of 2-NAP. Figure 1 depicts the absorption spectra of SMZ, diazo compound and azo compound, and demonstrates the formation of the azo compound (curve d of Fig. 1 ). The azo compound produced by the coupling of 2-NAP with the diazonium ion is a precipitate of orange-yellow due to the formation of hydrogen bonds inside the molecules.
It can be seen from Fig. 1 (curve d) that the absorbance in the wavelength range of 400 -600 nm is relatively lower, probably owing to the formation of an orange-yellow sediment, making its concentration in solution to decrease. The sediment was deposited on a magnetoelastic sensor, which resulted in a change of the mass load of the sensor, leading to descending of the resonance frequency of the magnetoelastic sensor.
Working mechanism of a magnetoelastic sensor.
The determination of 2-NAP by a magnetoelastic sensor is based on the change of the frequency upon a mass-increase, resulting from the adsorption of guest molecules on the sensor surface. Figure 2 illustrates the working principle of the magnetoelastic sensor. The magnetoelastic sensor is actuated by the application of a time-varying magnetic field, which causes the sensors to longitudinally vibrate at a resonance frequency. These vibrations in turn produce a magnetic flux that can be remotely detected using a simple pick-up coil. A microprocessor-based frequency count system is employed to detect the resonance frequency. No physical connections between the sensor and the detection system are required for signal telemetry. The sensor's resonance frequency, f0, is given by: 16, 33 f L
where E is Young's modulus of the elasticity, υ the Poisson's ratio, ρ the density of the sensor material, and L the longitudinal dimension of the sensor. It is apparent from Eq. (1) that the frequency is inversely proportional to the square root of the mass. For small mass loads, Δm, the frequency changes depend almost linearly with the mass variations, Δm. Owing to the deposition of the solid, the shift in the resonance frequency of the sensor is given by:
where Δf is the shift in the resonant frequency of the sensor, f0 the initial resonance frequency, m is the initial mass and Δm the mass change. From Eq. (2), it can be seen that the resonance frequency decreases linearly with increasing mass on the sensor surface. Hence, the binding of the target substance onto the sensor surface causes a mass increase with a corresponding decrease in the fundamental resonant frequency. Based on a linear relationship between the frequency shift (Δf) of magnetoelastic sensor and the concentration of 2-NAP under the optimal experimental conditions, a novel method was developed for the detection of 2-NAP in human urine. Figure 3 shows response profiles measured in both the absence and the presence of 2-NAP of 0.278 mmol L -1 . The sensor was firstly placed in a blank medium without adding 2-NAP for several hours to detect any possible response (curve 1). It can be seen from Fig. 3 that the fundamental resonance frequency decreased upon adding 2-NAP due to the sediment of the interaction of 2-NAP with the diazo compound onto the sensor surface to cause a mass increase (curve 2). A time course study of the precipitaion reaction indicated that the precipitation took place immediately following mixing of the diazonium ion solution with 2-NAP of 13.9 μmol L -1 under the optimized experimental conditions.
Response curves
The sensor response profiles corresponding to the precipitation process of the compounds investigated may be divided into four parts. In the first part, no change of the resonance frequency was observed during the first 5 min, which may have resulted from supersaturated solutions. Then, the Δf decreased markedly from 5 -10 min, suggesting rapid desupersaturation accompanying the sediment of the azo compound onto the sensor surface with increasing of the mass loads. With the progress of the precipitation process, crystal growth is prevalent with receding nucleation. 34 In the third part, the resonance frequency increased slightly from 10 -20 min. Thereafter, a plateau was yielded, and finally remained relatively steady after 20 min, suggesting that the precipitation process was practically stopped.
Effect of reagent concentration
The effect of the SMZ concentration on the Δf value was examined in the range of 20 -80 μL of 3.16 × 10 -2 mol L -1 SMZ. The results showed that the Δf value of the system remarkably increased with increasing SMZ concentration, reaching its maximum and remained constant when the volume of SMZ of 3.16 × 10 -2 mol L -1 was 50 μL. When the SMZ volume added was less than 50 μL, the Δf value of the system increased with increasing volume of SMZ due to incompletion of the coupled reaction, and when the SMZ volume was more than 50 μL no change in the Δf value was found, resulting from the balance between the precipitation and the solution. We thus had selected 50 μL SMZ of 3.16 × 10 -2 mol L -1 for the assay. The effect of the NaNO2 concentration on the Δf value was also examined in the range of 30 -80 μL NaNO2 of
. The amount of NaNO2 required to reach the maximum was found to be 50 μL NaNO2 of
. The Δf value decreased beyond this optimum volume of NaNO2. Therefore, 50 μL NaNO2 of 1.45 × 10 -3 mol L -1 was chosen for further experiment.
Effect of acidity
The influence of the solution pH on the diazo-reaction was studied by adding different volumes of HCl of 0.625 mol L -1 . The experimental results showed that the Δf values reached their maximum and remained relatively steady when adding 50 μL HCl of 0.625 mol L -1 . It is known that SMZ is first transformed to form a positive ion in a hydrochloric acid medium, and it then reacts with NaNO2 to form a diazonium cation in an acidic medium. Thus, 50 μL HCl of 0.625 mol L -1 was chosen to control the solution acidity.
There is a bigger effect of the solution pH on the coupled reaction of 2-NAP with the diazonium ion. 2-NAP can exist as three kinds of species:
35 a protonated species, an uncharged molecule and an anionic species (pKa was 9.5 for 2-NAP). 36 When the pH was low enough, the protonated and uncharged species were the major components, which made the coupled reaction of 2-NAP with diazonium ions difficult. This is mainly because diazonium ions reacts hardly with the molecule form of 2-NAP because of the weak electrophilic ability of the diazonium ions. With increasing the pH, the uncharged species decreased rapidly, and the anionic species increased accordingly, accompanied by the formation of an orange-yellow sediment. This was probably because of an enhancement of conjugation between the lone electron pair of -OH or -O-and the naphthalene ring due to an attenuation of protonation with increasing pH. When the pH of the reaction system was raised above 10, the coupled reaction could not be carried out owing to the transition of diazonium ions to diazotic acid or diazotate. The results indicated that Δf value reached the maximum and remained steady at pH 9 -10. Therefore, a 50-μL portion of 0.50 mol L -1 NaOH was selected for controling the acidity of coupled reaction.
Effect of coexistence substances
In order to assess the effects of foreign substances on the method described above, the selectivity of this assay was studied with the determination of 50 μL 2-NAP of 3.47 × 10 -4 mol L -1 after vibrating of the sensor steadily, where a series of various ions and organics had been added. The tolerance level was defined as an error not exceeding ±5% in the determination of the analytes. The allowable quantities (μg) of the following ions or matters were respectively: Cu 2+ (3), Al 3+ (13), Mg 2+ (12), K + (19), Na + (11), Ca 2+ (0.2), I -(63), Cl - (17) , glucose (90), oxalic acid (0.9), carbamide (2.8), 1-NAP (7.2), 1-hydroxypyrene (1.0), 9-hydroxyphenanthrene (9-OHPe, 8.1), 2-hydroxyfluorene (2-OHFlu, 7.0). It could be observed that common metal cations, inorganic anions and lots of organics were tolerated even at a high concentration levels. The isomers of 1-NAP and 2-NAP, the main metabolites of naphthalene, are all present in urine, and they can react with diazonium salts to form azo compounds. An azo compound produced by attacking of diazonium ions at 4-position of 1-NAP can form hydrogen bonds with water molecules, resulting in increasing its solubility, while 2-NAP coupled with the diazonium ions at 1-position of 2-NAP to form azo compound, which was a precipitate of orange-yellow due to the formation of a hydrogen bond inside molecule. Furthermore, the amount of 2-naphthols in human urine is much higher than those of other PAHs, such as 9-hydroxyphenanthrene and 2-hydroxyfluorene. 9 Thus, 2-NAP exhibits the maximum signal with a little of interferences from 1-NAP and other PAHs. Furthermore, the interferences from some metal cations such as Ca 2+ can be removed by using n-hexane as an extracting solvent for an urine sample. Therefore, the proposed method was effective and simple for the determination of 2-NAP in human urine samples.
Calibration graph, limit of detection and precision
The calibration graph for the determination of 2-NAP was described under the optimum conditions. for 2-NAP obtained by the equation LOD = 3Sb/m, where Sb is the standard deviation of blank measurements (n = 11) and m the slope of the calibration graph. The limit of quantitation (LOQ) is 1.13 μmol L -1 , calculated with the formula LOQ = 10Sb/m. The repeatability of the method was determined by using three concentrations of 69.4, 2.50 and 2.09 μmol L -1 for 2-NAP. The relative standard deviations for 6 determinations were 2.38, 2.40 and 2.44%, and the average recovery of 2-NAP was 107% (Table 1) .
Analytical application to urine samples
Under the experimental condition, the proposed method was applied to analyze 2-NAP in human urine samples from two cooks who were smokers. Meanwhile, a recovery test was also 
Conclusions
A wireless magnetoelastic sensor has been developed for the determination of 2-NAP. In this device, no direct physical connections between the sensor and the detection system are required for signal telemetry, which is a benefit to real-time and in situ monitor biomolecules and environmental pollution. Furthermore, the proposed magnetoelastic sensing method has some advantages, such as being less time-consuming and a simple instrument, as well as having wide linear ranges of determination and higher recoveries. 38 It has been successfully applied to determine 2-NAP in human urine samples. The use of such a sensor leads to significant improvements in the sensor performance and a wide scope of applications.
